Fibroblasts with smooth musde di&rentiation are ftequently derived from human breast tissue. Immunofluo~escence cytochemistry of a fibroblast-associated antigen recognized by a monoclonal antibody (MAb), 1B10, was analyzed with a view to discriminating smooth muscle differentiated fibroblasts from mcular smooth muscle ah. The antigen was detected on the cell surface and in cathepsin D-positive and acridine orange-acnunulating vesicular compartments of fibroblasts. Ultrastructurally, the antigen was d e d in coated pits and in e n d o s o d and lysosomal structures. lBlO recognized three major brands migrating at apparent Mr of ' between Mr 45,000 and 97,000, indudhg Mr 52,000. The MI 45,000 and 38,000 were associated with the cell membrane and Mr 52,000 a~ Well a~ Mr 38,000 d t d with the lysosomes. The lBlO immunoreactivity was specifii to fibroblasts and smooth muscle dikkedated fibroblasts within the context of Paseular smooth muscle cells. (]Hist d e m cytochem 40:4754%, 1992) KEY worn: Fibroblast-associated antigen; Human breast s t r o d cells; Immunochemistry; Immunofluorescence. term in epithelial-stromal interactions in human breast tissue. Smooth muscle diffcrcntiaed fibroblasts are very frequently found in the stroma of breast tissue in response to neoplasia (40,46,51).
Introduction
In recent years evidence has accumulated that fibroblasts are highly versatile cells with a broad repertoire of differentiation (3, 39, 47) . A frequently appearing fibroblast phenotype observed in various reactive lesions and in culture is characterized by the expression of a-smooth muscle actin. Smooth muscle actin has been demonstrated in fibroblasts by use of specific monoclonal antibodies to aand aly-isoforms of actin (18,36,37,41,46,51,52). However, immunoreactivity to smooth muscle actin has also served as the most widely used marker of vascular smooth muscle cells/periqtes (12.17,19,23,28,43,45,54-56) . Thus, the same marker has been used to demonstrate two different cell types (18,38,40,46), i.e., if the cell types are different at all (43, 44, 51) . In the light of these considerations, it has become increasingly warranted to find additional markers to distinguish fibroblasts from vaxular smooth musde cells.
The reason that we became aware of this situation was an in-PBS, the fm mouse monoclonal IgG antibody for demormntion of smooth muscle actins was applied. This antibody was either U 4 against the amino terminal decapeptide of a-smooth m d e actin (Sigma) (31, 46) or HHF 35 against a-and y-smooth musde isofom of actin (Enzq New York, NY) (29.30, Sl) . Cultures were then rinsed twice for 5 min at room temperature in PBS and incubated for 30 min with Tans Red (%&)-conjugated goat anti-mouse IgG (M30003; Medac, Hamburg, FRG) or goat anti-mouse IgGl (1070-07; Southem Biotcchnobgy Associates. Birmingham, AL), respcctivcly. After a double rinse for 5 min at room temperature in PBS, the cells were incubated for a second sequence under conditions identid to those of the first sequence. The antibodies of the second sequence included lBlO (mouse MAb of the IgM clus of immunoglobulins. purified from ascites fluid and kindly provided by Dr. Kay H. Singer, Duke University Medical Center) as a primary antibody and an FITC-conjugated goat anti-mouse IgM as a second antibody (M31501; Mcdac). In some instances the two sequences were incubated simultaneously without any a r e n c e in immunolabeling. Incubations with the secondary antibodies switched to the other sequence xrvcd as controls. In some 8xs the first antibody of the primary sequence was replaced by another IgG MAb, i.e., anticathepsin D (anti-IZK, D7E3; Biosys. CompiZgnc, France). Incubation with anti-52K was followed by incubation with %&-labeled goat anti-mouse IgGl antibody (1070-07) to reduce crossreactivity with the lBlO antibody in the sequence that followed. The cultures were mounted in 20 pI Fluoromount-G (100; Southem Biotechnology Associates) containing 2.5 mg/ml freshly prepared n-propyl gallate (Sigma). Auidine Orange. Cultures were rinsed twice in PBS and incubated for 10 min at 37% with medium supplemented with 8 pglml acridine orange (Sigma) from a stock solution (1 mg/ml in H a ) . The cult" were washed in medium, mounted with cmrslips in Hepcs buffcr, and photographed. I m m a n 0 P " t . cytochanrptrg . .TheimmunopuoPtidnsercnctionwu performed as previously desuibed (31). In addition to the primary and-Thymidine Incorporation. ['HI-Thymidine with a specific activity of 20 Ci/mmol was diluted 1:40 in medium. Cultures were rinsed once in DME-Fl2 and incubated for 1 hr in 2.5 ml medium containing 0.25 ml [3H]-thymidinc More the immunopercmidax cytochemical pmedure wu performed. For autoradiography the cultum were coated with Word K.2 emulsion (Word Cheshire, UK) and exposed for 7 days. After development, the cultures were counterstained briefly with hematoxylin and the ratios of labeled and immunocytochemidy stained cells were counted using an ocular grid and a x 25 objective in combination with a x 10 ocular in a Lcitt Orthoplan microscope. Nuclei with more than three grains (significantly above background labeling) were considered to be in S-phase. rinsed twice in GB buffer (Tris-buffered saline containing 155 mM NaCI, for 6 hr in McLcvl and Nakanc's f i t i v e (periodate-lysine-pdormaldehyde fmtiw) (25, 57) , rinsed twice in GB buffer, and permcabilized for 30 min in 0.005% saponin (5.33) [lo0 p1 0.5% saponin (in water) in 10 ml GB buffer with 1% BSA added]. They were then incubated with 1BlO overnight at 4°C in 0.005% saponin and rinsed twice in 0.005% saponin. Light microscopic demonstration of surface labeling was performed on unpermcabilized cells, i.e., cells incubated without addition of saponin. Incubation with second and tertiary antibodies and the peroxidase reaction were performed as desuibed (31). After this, the cells were rinsed three times in PBS. f m d in 0.1% glutaraldehyde and 2% formaldehyde in 0.1 M phosphate b&r, pH 7.2 ( 5 9 , scraped off, and pelleted. The pellet was post-fmd in 1% 0~0 4 , block-stained with uranyl acetate, dehydrated in a graded series of alcohol, embedded in Epon, sectioned, and photographed in aJEOL 100 CX elcctron microscope.
cdl FrrtiomtiOa. The membrane fraction was prepared h confluent cultures of fibroblasts consisting of multiple layers of cells. By culturing the cells on collagenioatcd flasks (Vinopen 100). f m membnneaaucllular matrix contacts were formed. At confluency, cells were rinsed thrce times in Hepes bu&r at 0-4'C. Nen, dl cell layers were gently pushed offwith a pipette tip at 0-4'C. During this process the cell layers remained joined together as an intact sheet that was rolled off the nuhn of the flask, leaving the entire cell membrane attached to the collagen matrix. The upper cell membrane, mast of the cytoskeleton, the nuclei, and organelles were attached to this sheet. As d e d by immunocycochm, only the 1B10pcsitivr cell membrane was I& behind. No cathepsin D-poaiti~ 1ysc"es wcrc present. Membranes m ortI?ctcd for SDS-PAGE for 30 min at 0-4'C in 300 ~l &on buffcr (set below) per T-25 flask. The lysosomal fraction was prepared by lysing the cells in hypotonic buffcr. The cells were rinsed six times in PBS. Nen, the cultures were incubated for 10 min at room temperature in 0. Extraction was performed at 0-4'C for 30 min and samples were stored at -80'C. The samples were assayed under non-reducing conditions. since mercaptoethanol and boiling t o d y abolished the antigen. Samples were subjected to SDS-PAGE on 10% or 14% gels (21). After electrophoresis. the proteins were transferred to Immobilon transfer membrane (Millipore AIS; Taastrup, Denmark). essentially by the method of Towbin et al. (50) . Lanes were blocked for 24 hr at 0-4'C in PBS containing 0.05% (vlv) Tween 20 (washing buffer). followed by 24 hr at 0-4°C in PBS containing 3% BSA (Fraction V; Sigma) (27) . Incubations were performed at room tcmperature three times for 30 min with two 10-min washing intervals (27). PBS containing 0.05% Tween 20 and 3% BSA served as incubation buffer. Primary antibody was lBl0 (1:400), secondary antibody was rabbit antimouse immunoglobulin (Z 259. 1:20; Dakopatts) , and the tertiary antibody was mouse monoclonal PAP (P850, 1:lOO; Dakopatts). As substrate and color reagents, 12 mg 3,3.3',5'-tetramethylbenzidine (Merck, Darmstadt. FRG; purchased from Bie and Berntsen. Rodovre. Denmark) and 80 mg dioctylsodium sulfosuccinatc (Merck) in 10 ml ethanol in combination with 20 pl 30% H202 in 30 ml citrate-phosphate buffer, pH 5.0, were used. Lanes were stained for approximately 15 sec at room temperature. Lanes incubated with l15D8 as primary antibody, which detects a 440 KD (220 KD) membrane glycoprotein specifically expressed on epithelial cells (32) semd as controls. Lanes with molecular weight markers (Bio-Rad Chemical Division, Richmond, C A purchased from Bic and Berntsen) were stained with Amido Black 1OB (Merck). Some gels were processed directly for Coomassie Blue staining (Bio-Rad. purchased from Bie and Berntsen).
Dot immunobinding was performed essentially as described by Gordon and Billing (14) . Two pI of antigen solution were applied per dot on inactivated Immobilon transfer membrane (the presence of Triton X-100 in the antigen solution activated the membrane). Dots were dried for 30 min at room temperature and blocked for 15 min in PBS with 3% BSA. Antibody incubations were performed as described for the immunoblottings (see above). The dot-blots were stained for 10 min in 0.5 mglml diaminobenzidine (Sigma) in PBS containing 0.5 pllml 30% H202.
A mouse MAb to beta-1-integrin (1:lOO; Genex-Locus. Helsinki, Finland) (58) was used as a marker of cell membrane. Furthermore, we used a mouse monoclonal anti-human brain Thy-I (F15-42-1, kindly provided by Richard C. Hallowes. The Imperial Cancer Research Fund, UK) of which 90% is cell-surface associated (22.24). As a marker of lysosomes. anti-52K and a direct enzymatic incubation with acid phosphatase were used. Naphthol AS-BI phosphate was used as substrate and hcxazonium pararosaniline (Kahlbaum. MbH) as diazonium salt (13).
Results

Characterization of lBl0 Immunoreactivity in FibrobLasts
The morphological appearance of purified fibroblasts and blood vessels in primary culture is shown in Figure 1 . Fibroblasts incubated with 1BlO followed by immunoperoxidase cytochemistry showed an evenly dispersed fine staining of the cell surface ( Figure Za , unpermeabilized cells) combined with a strong granular staining in the perinuclear region ( Figure 2b . permeabilized cells). With ultrastructural pre-embedding immunocytochemistry, the staining was confined to the cell membrane (Figure 2c ), including coated pits (Figures 2d and 2e ), and to the endosomalllysosomal compartment (Figures 2f and 2g ). That 1BlO indeed labeled most of the acidic compartments of the cells was confirmed by light microscopy. The living cells were incubated with acridine orange, photographed (figure 3a), fixed in methanol, incubated with 1B10, and photographed again (Figure 3b ). The size of the granules was not quite the same in the two situations, because incubation with acridine orange induced a slight swelling of the acidic compart- showed a high degree of co-localization (Figures 3c and 3d ).
Immunoblotting analysis of purified fibroblasts revealed a major band at Mr 45,000 and distinct clusters of b a g s at Mr 80,000 and 38,000 (compare Coomassie Blue staining, Lane 2, and immunoblotting, Lane 4 in Figure 4 ). Additional minor bands were found throughout the interval from Mr 35,000 to 97,000, including Mr 52,000 ( Figure 4 , Lane 4). No bands were detected when 1BlO was replaced by an antibody against an epithelial membrane antigen or when the samples were run under reducing conditions. The protein bands equivalent to membrane and lysosomal labeling of fibroblasts were further looked for. Membrane and lysosomal fractions were therefore generated. The purity of these fractions was established by dot-blotting ( Figure 5 ). and the enriched proteins were demonstrated by Coomassie Blue staining ( Figure 6 ). With immunoblotting, the most pronounced antigen in the lysosomal fraction had an apparent Mr of 52,000 ( 38,000 band, whereas the Mr 45,000 band was almost absent (Figure 7, Lane 2, arrow) . Immunoblotting of the membrane fraction showed two distinct bands with apparent M,s of 45.000 and 38,000 by 1BlO in fibroblasts, we next asked whether immunocytochemistry allowed discrimination between fibroblasts and vascular smooth muscle cells in culture. To avoid problems with contaminating cells and phenotypic modulation due to cultivation, purified fibroblasts and blood vessels were used ( Figures Sa-8c' ). Double incubation with lBlO antigen (Figures 8a-8c ) and a-smooth muscle actin (Figures 8a'-8c') showed that fibroblasts were positive for lBlO (Figure 8a) and negative for a-smooth muscle actin (Figure 8a' ), whereas purified blood vessels (Figures 8b and 8b) as well as purified vascular smooth musde cells in monolayer (Figures 8c and 8c' ) showed complementary reactivity. Any crossreactivity between mouse IgG and IgM antibodies was undetectable in the present immunocytochemical assay. To be able to directly compare 1BlO immunoreactivity in vascular smooth muscle cells and fibroblasts under identical conditions, experiments were carried out using a crude preparation of blood vessels known to contain both cell types (tentative fibroblasts) at a ratio of approximately 2:1 (36) . At Time Zero in culture, all blood vessels comprised a central core of a-smooth actinpositive vascular smooth muscle cells and a peripheral, almost continuous sheet of perivascular fibroblasts positive for lBlO (Figure 8d ). On plating, these peripheral fibroblasts migrated into a monolayer, leaving the vascular smooth muscle cells behind (Figure 8d) . The vascular smooth muscle cells remained lBlO negative, as evidenced by single exposure to 1B10-FITC ( Figure se) and double exposure to 1B10-FITC and a-actin-' (Figure 8e') . A clear impression of the reaction pattern was further obtained after 5-7 days in culture where vascular smooth muscle cells had formed explant outgrowths (Figure 8f') surrounded by 1B10-positive fibroblasts (Figure 8f ). To be sure that the lack of lBlO reactivity was not dependent on direct cell-cell contact in the intact sheet of vas-cular smooth muscle celis, blood vessels were trypsinized into single cells immediately before plating. As seen in Figure 9a (double exposure to a-actin-%& and lBlO-FITC), the reaction pattern was also stable in individual vascular smooth muscle cells and fibroblasts. These observations were confiied using second-passage cells, as demonstrated in Figures 9b (a-act i n-') and 9c (lB10-FITC). In conclusion, 1BlO showed distinctive immunoreactivity in fibroblasts compared with vascular smooth muscle cells.
It was next addressed whether 1BlO reactivity could discriminate smooth muscle differentiated fibroblasts from vascular smooth muscle cells, since both cell types are characterized by smooth muscle actin expression. Above (Figures 8 and 9a-9c ), smooth muscle differentiation of fibroblasts was prevented by using a culture assay based on low seeding density and/or absence of serum (36). Below (Figures 9d-9f . 10, and 11). smooth muscle differentiation was induced in fibroblasts by exactly the opposite conditions (high density, serum). Vascular smooth muscle cells remained lBlO negative (results similar to those seen in Figures 8b-84 . Double exposure to a-actin-ER and 1B10-FITC was used to illustrate the induction in fibroblasts (Figures 9d-3f) . No reactivity to a-smooth muscle actin was seen in early culture (Figure 9d ). In contrast, late cultures showed prominent filaments of a-smooth muscle actin in the 1BlO-positive fibroblasts (Figure 9e associated antigen, Ki-67. Therefore, the appearance of a-smooth muscle actin-positive cells was not due to selection of contaminating vascular smooth muscle cells.
The possibility of discriminating between smooth muscle dfirentiated fibroblasts and vascular smooth muscle cells in mixed cultures was then open. Figure 1la illustrates the problem of idcntifcation in high-density cultum of the crude preparation of blood vessels exposed only to a-actin-TxR. Although different in intensity, all cells in the explant expressed smooth muscle actin ( Figure  Ila) . However. perivascular fibroblasts could still be identified by 1BlO reactivity (Figure llb) , and thus smooth muscle differentiation ofperivascular fibroblasts was documented by double exposure (Figure Ilc) . To further substantiate this observation, stromal cells derived from another biopsy are shown in Figure 1ld . It is demonstrated that even highly smooth muscle differentiated fibroblasts can be discriminated from vascular smooth muscle cells by lBlO reactivity. 
Discussion
A fibroblast-associated antigen recognized by the MAb 1BlO was demonstrated at the cell surface and in endosomcsllysosomcs of human breast fibroblasts. Double-labeling immunocytochemistry for lBlO (IgM) and a-smooth muscle actin (IgG) was used to discriminate smooth muscle differentiated fibroblasts from vascular smooth muscle cells.
1BlO has been described as a complement-fing IgM mouse
MAb with the ability to lyse cells from the fibroblast cell line CRL 1506, human foreskin fibroblasts, and contaminating fibroblasts in epithelial cultures (42). From our study, it is concluded that 1BlO recognizes three major bands migrating at Mr 38,000,45,000, and 80,000 in non-reducing gel electrophoresis. Bands migrating at Mr 45,000 and Mr 38,000 were predominantly associated with the cell membrane, while the lysosome preparation showed distinct bands of Mr 52,000 and 38,000. In the study by Singer et al. (42) , antigens of Mr 43,000 and 72,000-80,000 were described. In our study, however, both the membrane preparation and the lysosome preparation contained an additional band migrating at Mr 38,000. We feel it possible that the broad band said to migrate at Mr 43,000 by Singer et al. includes both Mr 38,000 and 45,000. Hitherto. no distinctive immunorcaction to fibroblasts vs vascular smooth muscle cells has been found. In previous studies, a variety of criteria have been used to identlfy these cells in situ as well as in culture. The focus has been on cell morphology, cytoskeletal composition, and extracellular matrix synthesis (3.6,10,15,20, 26,46,48,53) . The many observations from such studies have led to the general conclusion that the differentiated phenotype of smooth muscle cells is much more conspicuous than that of fibroblasts. Therefore, fibroblasts have been referred to as those of the stromal cells without smooth muscle differentiation. However, in view of our present knowledge this definition is highly questionable. Thus, it has been demonstrated that a-smooth muscle actin- negative breast gland stromal cells on cultivation may undergo smooth muscle differentiation in terms of a-smooth muscle actin induction (36). In addition, many studies on less defined fibroblasts from many tissues have shown that these cells drastically change into all degrees of smooth muscle differentiation in response to disturbed tissue balance or cell cultivation (8,10.18.37.41,54) . It therefore remains uncertain to what extent smooth muscle differentiated fibroblasts have been judged as vascular smooth muscle cells-or vice versa-on the sole basis of smooth muscle actin expression. These considerations strongly emphasize the importance of using purified cell cultures in studies of differentiation.
In the present study, those cultures used to demonstrate the phenotypic modulation of fibroblasts were purified before cultivation. No a-smooth muscle actin-positive cells were observed in the fibroblast cultures. These observations confirm previous results including 2D-gel electrophoresis and immunoblotting (36). In addition, measures were taken to ensure that the a-smooth muscle &-negative cells did not comprise isolated vascular smooth musde cells that had lost a-smooth muscle actin in the process of purification (36). Thus, vascular smooth muscle cells originating from uypsinized blood vessels were perfectly immunoreactive to a-smooth muscle actin antibodies at Day 1 in culture. The absence of isolated vascular smooth muscle cells in cultures of fibroblasts was further assessed by the lack of endothelial cells (36).
The argument of purification should be applied to vascular smooth muscle cells as well. Otherwise, it could be asked whether the appearance of smooth muscle differentiated fibroblasts rdlects induction of 1BlO antigen in vascular smooth muscle cells rather than a-smooth muscle actin in fibroblasts. A coat of perivascular fibroblasts firmly attached to the blood vessels was demonstrated. and these fibroblasts were removed by mild trypsinization. Next, blood vessels were seeded at low density to ensure detection of all cells in the explant outgrowth without coalescence with neighbor- l l a ing explants. No induction of 1BlO antigen was observed in these purified vascular smooth muscle cells during the same period in which fibroblasts acquired a-smooth muscle actin. In addition, no loss of immunoreactivity to smooth muscle actin was observed in vascular smooth muscle cells within the experimental period. That a-smooth muscle actin is preserved during cultivation of vascular smooth muscle cells has recently been suggested by others (9, 23) . However, the most frequent observation has been that a-smooth muscle actin is down-regulated in vascular smooth muscle cells on cultivation (1, 11, 16, 19, 28, 43, 46) . In such studies, the major concern has been focused on the possible contamination with fibroblasts leading to an overestimate of the number of vascular smooth muscle cells with down-regulated actin (1.46) . Our studies on crude blood vessels suggest that 1BlO immunoreactivity may prove useful to identify contaminating fibroblasts. lBlO immunoreactivity may also prove useful to approach the opposite problem, i.e., the . The culture medium, DME-F12, was sup plemented with 20% FCS at Day 0. As a control, a culture maintained at DME-F12 was analyzed at Day 5. The results from this culture were identical to the results from the culture from Day 0. C d suggested contamination of fibroblast cultures with vascular smooth cells based on the expression of a-smooth muscle actin (46, 54) .
In conclusion, the present data favor that vascular smooth muscle cells and fibroblasts are indeed different cell types even though fibroblasts may exhibit elements of smooth muscle differentiation. In our future studies we will use this information to further explore the rapidly developing field of stromal-epithelial interactions in breast cancer (2,7) . 
